To establish cultural practice based on a consecutive growth model for potted 1-year-old seedlings of Satsuma mandarin (Citrus unshiu Marc.), growth analysis by classical and functional approaches was conducted under different light conditions and air temperatures over 2.5 years, and the active growth of potted seedlings in the greenhouse was investigated. Under the classical approach, the general change patterns of relative growth rate (RGR) and net assimilation rate (NAR) were hard to determine because of irregularities including quiescence of vegetative growth. Under the functional approach, plant mass modeled using linear, exponential, power-law, monomolecular, three-parameter logistic, four-parameter logistic (4L), and Gompertz functions showed significant correlations with the observed plant mass. 4L was the best model because it showed the highest r, and the lowest root mean square error and Akaike Information Criterion, so RGR and NAR were estimated by 4L. Analysis of the RGR components showed significant positive correlations between RGR and NAR. Analysis of covariance indicated the NAR costs for increasing RGR were lower in the greenhouse than in open culture; this was explained by differences in specific leaf area (SLA). Therefore, in greenhouse culture, growth was primarily enhanced by NAR as net photosynthesis and underpinned by SLA as a morphological trait improvement for the relatively low light intensity compared with open culture. A multiple regression model for NAR using the pooled data (n = 60) suggested solar radiation had a positive effect (P < 0.0001) and air temperature had a negative effect (P < 0.01) on NAR.
Introduction
Satsuma mandarin (Citrus unshiu Marc.) is a major fruit crop in Japan, and the summer-harvest cropping type has been cultured in heated greenhouses. Recently, fluctuations in fuel prices have threatened heated greenhouse culture; therefore, it is important to establish energy-saving temperature management methods (Yano et al., 2014a, b, c) and to increase fruit yield by optimizing the light-intercepting characteristics of trees. In addition, most Satsuma mandarin trees planted in greenhouses are over 20 years old and have chronically low fruit yields. To overcome these problems, a new planting style is needed for Satsuma mandarin, and it is Received; September 14, 2016. Accepted; June 5, 2017 . First Published Online in J-STAGE on July 21, 2017. * Corresponding author (E-mail: yano-taku@pref.oita.lg.jp).
very important to shorten the vegetative growth period from planting to cropping.
All fruit farmers need cultural practice to shorten the period from planting to cropping with less labor. For example in open culture, some reports have described the cultural practice for seedlings up to 2 years old (Nakamoto et al., 2003; Shibayama and Akasaka, 2006) , and a few reports have discussed the cultural practice for seedlings up to 4 years old (Iguchi et al., 1985; Yoshida and Ishida, 1982) . In these reports, young seedlings were first temporarily potted or planted in a preliminary field for one or several years before planting in an orchard, although the cost of labor is lower for potted and young seedlings. Transplanting is not always done in the spring season for the summerharvest cropping type of Satsuma mandarin because each greenhouse has a different growth cycle and yearly management schedule. Therefore, a consecutive growth This article is an Advance Online Publication of the authors' corrected proof. Note that minor changes may be made before final version publication.
The Horticulture Journal Preview doi: 10.2503/hortj.OKD-051 model for potted seedlings over several years is essential for rational planting management (e.g. number of seedlings, environment and term of vegetative growth, and leaf area index to aim for) in the greenhouse with less labor.
Temperature is the single most important factor influencing organ growth (DeJong, 1999) . Therefore, heat units or thermal time is used to measure the developmental period in fruits (DeJong and Goudriaan, 1989; Godoy et al., 2008; Wubs et al., 2012) or the growth phase (White et al., 2012) . Seedling growth is also influenced by temperature, and more active and rapid seedling growth are expected in a greenhouse than in the open field. Because rapid growth is promoted by heating, it is useful for horticultural farmers to quantify growth on a thermal time basis, not a time basis.
Greenhouse horticulture sacrifices light intensity to some extent because of the covered film used to keep plants warm, and long-term cultivation of seedlings for several years faces low light intensity conditions in winter. Additionally, the cultural practice in the greenhouse tends to place seedlings in over-crowded conditions with low absolute light intensity because of space limitations, which restricts active growth, and this tendency is more apparent with high-density planting. Therefore, to establish good cultural practice, the effects of both temperature and light conditions on the growth of potted seedlings must be clarified.
Recently, to predict fruit yield and size, or for use in crop simulation models, fruit growth has often been modeled by non-linear functions (Barrera et al., 2008; Cuevas et al., 2003; Godoy et al., 2008; Tadesse et al., 2002; Wubs et al., 2012) . Many studies on functional vegetative growth modeling have been reported in herbaceous and woody plants (Hunt, 1982; Nishizono, 2010; Takiya, 2014) . However, to our knowledge, few studies have reported functional growth modeling of fruit tree seedlings over several years.
The goal of this study was to understand the trends of vegetative growth over consecutive seasons in potted Satsuma mandarin seedlings using environmental information. However, in the open field, seedlings are often defoliated by low temperatures and/or strong winds, which disturbs the evaluation of growth over several consecutive years. To minimize this error, in this study we examined individual plant masses and compared both classical (interval) and functional approaches (Hunt, 1982; Paine et al., 2012) for growth analysis based on thermal time.
Furthermore, to gain a universal understanding of the growth of potted Satsuma mandarin seedlings, regression analysis was conducted to quantify the relative importance of the net assimilation rate (NAR), specific leaf area (SLA), and leaf mass ratio (LMR) in determining the relative growth rate (RGR), which explains the variations in environmental factors and seedling age. In general, RGR is the key to understanding growth, NAR is a physiological component related to whole-plant daily net photosynthesis (Poorter and Van der Werf, 1998) , SLA is a morphological component determined by the leaf dry matter concentration and leaf thickness (Shipley, 1995; Witkowski and Lamont, 1991) , and LMR indicates the allocation of biomass to leaves vs. other plant parts. We also discuss the advantages of greenhouse culture for the growth of potted Satsuma mandarin seedlings according to the growth analysis.
Materials and Methods

Plant materials, environments, and measurements
One-year-old 'Oita-Wase' Satsuma mandarin seedlings grafted onto trifoliate orange [Poncirus trifoliatae (L.) Raf.] rootstock were planted in 20 L pots in March 2013, and were cultured until October 2015 in a field of the Fruit Tree Group, Oita Prefectural Agriculture, Forestry, and Fisheries Research Center (Kunisaki, Oita, Japan). Irrigation was 0.6 L of water with a drip tube every day. Each seedling was fertilized with 200 g of coated granular fertilizer (N:P:K = 14:11:13) each year. All flower buds were detached during preanthesis. The sampling intervals were 1-3 months, and five replications were performed.
Three sets of environmental conditions were used to represent the following; (1) greenhouse culture to promote the growth of seedlings, (2) greenhouse culture at low light intensity caused by shading and (3) open culture. The covering materials were 0.15 mm polyester film for the greenhouse ceiling and knitted silver polyvinyl film for shading. The abbreviations for the environments are H: house culture (no heating), HS: house culture (no heating) + shading, and O: open culture. Air temperature (T a ), solar radiation (R s ), and soil water content (VWC) were measured with a compact water proof temperature data logger (RTR-53; T&D Co., LTD., Japan) at 10-min intervals, a pyranometer (Solar Mini PCM-01; Prede Co., LTD., Japan) at 10-min intervals, and a TDR sensor (EC-5; Decagon Devices, Inc., USA) monitored with a compact data logger (EM5b; Decagon Devices, Inc.) at 1-h intervals, respectively.
Growth analysis by the classical (interval) approach
Growth analysis by the classical approach followed Hunt (1982) . The mean relative growth rate by the classical approach (RGR) on a thermal time basis was calculated as
where m P2 and m P1 are log-transformed plant mass at subsequent thermal times tt 2 and tt 1 , respectively. Similarly, the derivative parameters net assimilation rate (NAR), specific leaf area (SLA), leaf mass ratio (LMR), and leaf area ratio (LAR) were calculated by the classical approach directly from the experimental data as
where M P2 and M P1 are non-transformed plant mass, A L2 and A L1 are plant leaf area, and M L2 and M L1 are plant leaf mass at subsequent thermal times tt 2 and tt 1 , respectively.
Growth analysis by the functional approach
The function-modelled plant mass (m', log transformed) and instantaneous RGR of plant mass derived from the models (RGR F ) were defined in a previous report (Paine et al., 2012) , and are shown in Table 1 . The subscript F of RGR F contains an abbreviation of each model function (Table 1) .
Instantaneous NAR (NAR) was estimated by the basic equation (Hunt, 1982) ,
where SLA and LMR are instantaneous SLA and LMR calculated directly from the data from each harvest, respectively.
Data analysis
Data analysis was performed using R-3.2.5 (R Core Team, 2016). Curve fitting was performed using both nls.lm (Elzhov et al., 2015) and nls (R Core Team, 2016) . To compare the different functions for plant growth, the root mean square error (RMSE) between the predicted and observed values was calculated using the following equation,
where n is the number of data points, P i is the predicted value of observation i, and O i is the observed value of observation i. The Akaike Information Criterion (AIC) was calculated using the following equation,
where p is the number of parameters. The loglikelihood was calculated using logLik (R Core Team, 2016) in R, after fitting by nls (R Core Team, 2016) . Figure 1 shows the environmental data during the experimental period. The monthly mean values ± SE were as follows; air temperature: H, 19.4 ± 1.1°C, HS, 19.1 ± 1.1°C, and O, 16.9 ± 1.3°C, solar radiation: H, 9.1 ± 0.6 MJ·m Table 1 . Functional forms for plant growth modeling. The models are equations expressing changes in biomass (M) and relative growth rate (RGR) as a function of thermal time (tt). The parameters M 0 , r, b, L, and K indicate initial biomass, the absolute increase in biomass per unit thermal time, the exponent value, the lower horizontal asymptote, and the upper horizontal asymptote, respectively. Table 1 . Functional forms for plant growth modeling. The models are equations expressing changes in biomass (M) and relative growth rate (RGR) as a function of thermal time (tt). The parameters M 0 , r, b, L, and K indicate initial biomass, the absolute increase in biomass per unit thermal time, the exponent value, the lower horizontal asymptote, and the upper horizontal asymptote, respectively.
Results
Environmental conditions
Function name Abbreviation (F) Biomass M RGR (dM/d(tt))/M Linear Li M 0 + r(tt) r M 0 + r(tt) Exponential Ex M 0 e r(tt) r Power-law P (M 0 1.− b + r(tt)(1 − b) b/(1 − b) r(M 0 1 − b + r(tt)(1 − b)) −1 Monomolecular M K − e −r(tt) (K − M 0 ) r(K − M 0 ) M 0 + K(e r(tt) − 1) Three-parameter Logistic 3L M 0 K M 0 + (K − M 0 )e −r(tt) re −r(tt) (K − M 0 ) M 0 + e −r(tt) (K − M 0 ) Four-parameter Logistic z 4L L + M 0 (K − L) M 0 + (K − L − M 0 )e −r(tt) rM 0 (K − L)Pe −r(tt) (M 0 + Pe −r(tt) )(LPe −r(tt) + M 0 K) Gompertz Go K ( M 0 ) K e − r(tt) re −r(tt) ln K M 0 z P is a summarized parameter; P = K − L − M 0 .
Cumulative growth of seedlings
On a thermal time basis, M P and A L generally showed an exponential increase (Fig. 2a) . M P and A L mostly showed the largest values in H among the three environments, while M P in HS increased slowly until 9.4 × 10 3 day·°C (Fig. 2a, b) . The general increase pattern in HS was relatively stable (Fig. 2a) . A L in O showed some fluctuation, and an apparent reduction in A L occurred during the second winter season, around 1.1 × 10 4 day·°C (21-23 months after planting in Fig. 1a) , after which both A L and M P in O were below those in HS (Fig. 2a, b) .
In the comparison of photosynthetic ability between H and HS at almost equal plant ages (1.1 × 10 4 day·°C), no significant difference was observed except under dark conditions (data not shown).
Derivatives of growth analysis by the classical approach
RGRs and NARs showed huge fluctuations from 5.0-7.0 × 10 3 day·°C (8-12 months after planting in Fig. 1a) , and their general seasonal general tendencies were hard to determine (Fig. 3a, b) . SLAs were generally affected by light conditions; for example, the lowest light conditions, which were in HS, showed the highest SLAs (Fig. 3c ) almost continuously. In addition, seasonal fluctuations were observed; the first peaks were observed at around 2.5 × 10 3 day·°C (4 months after planting in Fig. 1a ) in all treatments (H, HS, and O), and second maximum peaks were observed at around 7.5 × 10 3 day·°C (14-16 months after planting in Fig. 1a ) in H and HS, but not in O (Fig. 3c) .
Generally, the seasonal change in LMR showed three peaks (Fig. 3d) . In the first season, LMR in O showed the lowest values from 2.6 × 10 3 day·°C (5 months after planting in Fig. 1a ) to 6.3 × 10 3 day·°C (12-14 months after planting in Fig. 1a) . From the beginning of the second season, after 6.3 × 10 3 day·°C, LMR in O showed a steep rise and reached the level of H and HS, and in the third season, HS showed the highest values (Fig. 3d) .
LAR showed a neutral middle value compared with the models of SLA and LMR, including an effect of environment similar to SLA (Fig. 3c-e) . Notably, LAR showed a clear peak at around 7.5 × 10 3 day·°C (14-16 months after planting in Fig. 1a ) in H and HS (Fig. 3e) .
Curve fitting and model selection
To understand the general trends of the RGR of seedling mass on a thermal time basis, curve fitting was conducted. In this fitting, all plant mass data were logtransformed to reduce the heteroscedasticity (Paine et al., 2012) . All fitting parameters were estimated by nls.lm (R Core team, 2016) and the AIC was calculated using nls and logLik (R Core team, 2016) ( Table 2) . In all environments, the 4L function showed the highest r, and lowest RMSE and AIC values (Table 2) .
Sprouting times during the experiment were H: 9 times, HS: 9 times, and O: 8 times, and in general logtransformed plant mass (m P ) increased rapidly in the vigorous sprouting periods (Fig. 4a-c) . From the curve fitting, the change patterns of the modeled logtransformed plant mass (m' P ) showed only small differences among non-asymptotic and asymptotic models (Fig. 4a-c) . In contrast, the change patterns of the modeled RGRs were classified as three types, decreasing (Li, P, M, 3P, and Go), convex (4L), and constant (Ex) (Fig. 4d-f ).
Derivative analysis of RGR
RGR is often factored into three components (Hunt, 1982) ,
Therefore, once RGR, SLA, and LMR were determined, the residual NAR could be easily estimated ( Table 1 . Table 2 . Estimated model parameters and measures of goodness-of-fit for the seasonal changes of log-transformed plant mass. The Pearson coefficient of correlation (r) and root mean square error (RMSE) are given for the difference between predicted and observed values. The Akaike information criterion (AIC) is determined by the number of parameters and the log-likelihood of the model. Function names (F) are shown in Table 1 .
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decreases in SLA, LMR (Fig. 3c, d ), and A L (Fig. 2b) .
To clarify the relative importance of the different components of RGR in determining the variation in RGR, correlation analysis was conducted. No significant correlation was observed between RGR and SLA or LMR, except between RGR and SLA in O, while NAR showed a significant positive correlation (P < 0.01) with RGR in all environments, H, HS, and O (data not shown), and the significance levels of the correlations between log-transformed NAR (nar) and logtransformed RGR (rgr) were higher (P < 0.001) than those of the non-transformed data (Fig. 6a-c) . To assess the difference or correspondence of relationships between rgr and nar among H, HS, and O, the slopes and intercepts of the linear models were compared by analysis of covariance (Fig. 6a) . The slopes of the three regression lines (H, HS, and O) were not significantly different (P = 0.25). H and HS had a common intercept in the regression line (P = 0.88), and O had a significantly lower intercept compared with these common intercepts (P < 0.01).
To determine the effect of environmental factors on NAR, multiple regression models were fitted for each environment and for the pooled data (Table 3) . In H, only parameter b (coefficient of R s ) was significant. In HS, parameters a (intercept) and c (coefficient of T a ) were significant. In O, no significant parameters were observed. The estimations of all parameters were highly significant (P < 0.01) for the pooled data (n = 60), and a positive effect of R s (P < 0.0001) and a negative effect of T a (P < 0.01) on NAR were observed.
Discussion
To evaluate the long-term effects of light conditions on the growth of potted Satsuma mandarin seedlings, growth analysis based on thermal time was conducted using both classical (interval) and functional approaches in greenhouse and open field conditions. In the classical approach, the RGR and NAR of logtransformed seedling mass (m P ) on a thermal time basis did not show a clear general trend (Fig. 3a, b) because growth stopped at during low temperature seasons and because of defoliation in O in winter (Fig. 2b) . However, in the functional approach, several functions fitted m P significantly, and the model using the 4L function Table 1 . The estimated parameters M 0 , r, b, L, and K are shown in Table 2 .
was selected as the best model because it had the highest r and lowest RMSE and AIC (Table 2) .
Validity of the four-parameter logistic model
The validity of the 4L fitting model was supported by three factors. The first was the physiological interpretation. In many plants, growth is typically characterized by RGR. Comparing all the fitted curves, only RGR in 4L (RGR 4L ) showed a convex curve (Fig. 4d-f ). The initial low RGR 4L at the start of the experimental period is related to the transition period (20 day after budding) in young spring leaves from sink to source (Hino et al., 1974; Hunt, 1982) . After the RGR 4L peak, RGR 4L decreased and fell to zero at the end of experimental period because of resource restriction; for example, self-cover shade, pot size (Poorter et al., 2012) , and available soil water content (Fig. 1c) . In this way, RGR 4L trends were easily explained by physiological phenomena.
The second was the significant effect of light conditions. The shape of the convex curve in RGR 4L differed by light condition; in particular, it was high in H and low in HS during the first season (Fig. 4d-f ). This fitting result clearly explained the reaction of seedling growth to light intensity.
The third was the relationships among RGR and the other derivatives. The mean LAR (LAR) and RGR 4L had a common feature as the peaks of LAR corresponded to those in RGR 4L that were commonly observed in H, HS, and O in the second summer, around 7.5 × 10 3 day·°C (Figs. 3e and 4d-f). Many previous studies have also shown significant correlation between LAR and RGR (Lambers and Poorter, 1992; Poorter and Remkes, 1990; Reich et al., 1992 Reich et al., , 1998 Walters et al., 1993; Wright and Westoby, 1999) ; therefore, these LAR peaks must contribute to RGR 4L reaching a maximum.
These results strongly support the goodness of fit and prediction using the 4L growth model based on thermal time in potted Satsuma mandarin seedlings.
Reaction of seedling growth to the environment
In this study, on the same thermal time basis, plant mass was mostly H > HS > O (Fig. 2a) , while the cumulative light intensity was O > H > HS (Fig. 1b) . Even if no quantitative error from defoliation was observed and plant mass was H = O, the cumulative light intensity would be H < O, and H would have a superior photosynthetic system to O despite the low light intensity. This phenomenon is very important not only for potted Satsuma mandarin seedlings, but also many horticultural crops, including fruit produced in greenhouses.
As already mentioned, growth is typically characterized by RGR; therefore, the contribution of its derivatives including NAR, SLA, and LMR has been discussed in many plants (Rees et al., 2010; Shipley, 2002 Shipley, , 2006 . Generally, many reports on RGR including interspecific analyses of herbaceous and woody plants can be classified into roughly two groups: SLA- In these models NAR = a + bR s + cT a . Table 3 . Estimated parameters and their standard errors for multiple regression models for net assimilation rate (NAR) factored by solar radiation (R s ) and air temperature (T a ), fitted in each environment and the pooled data.
dominant (Lambers and Poorter, 1992; Modrzyński et al., 2015; Poorter and Remkes, 1990; Rees et al., 2010; Reich et al., 1992 and Walters et al., 1993; Westoby, 1999, 2000) and NAR-dominant (Huante and Rincon, 1998; Huante et al., 1995; Poorter, 1999; Ryser and Wahl, 2001; Saverimuttu and Westoby, 1996; Shipley, 2006; Taub, 2002) , and LMR hardly contributes to RGR (Shipley, 2006) . Our results showed three key points. First, the growth of potted Satsuma mandarin seedlings was NARdominant (Fig. 6a) . Second, analysis of covariance indicated NAR costs for increasing RGR were lower in H and HS than in O, which was explained by differences in SLA (Figs. 3c and 6a) . Third, high NAR was suggested to be affected by high R s and low T a (Table 3) , as previous studies have also shown that high temperatures (23-28°C) decrease NAR through plant respiration loss (Atkin et al., 2006) . In several woody plants, high SLA and LAR enhance RGR because they confer high light interception and carbon gain per unit mass invested in leaves (Lambers and Poorter, 1992; Poorter and Remkes, 1990; Reich et al., 1992 Reich et al., , 1998 Walters et al., 1993) . In this study, unlike the above cited studies, HS showed the highest initial mean SLA (SLA) values but a low initial RGR 4L (Figs. 3c and 4d-f) ; therefore, high SLA is not always related to high productivity as low light intensity limits the absolute carbon gain.
In conclusion, the growth of potted Satsuma mandarin seedlings was best modeled using a four-parametric logistic function. In greenhouse culture, growth was primarily enhanced by NAR as net photosynthesis and underpinned by SLA as a morphological trait improvement for the relative low light intensity compared with open culture.
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